S H O R T C O M M U N I C A T I O N
The first case of genetically confirmed monozygotic twinning in the dog 
| INTRODUCTION
Monozygotic twinning has been reported in the horse (Govaere et al., 2009 ), cow (Del Rio, Kirkpatrick, & Fricke, 2006) and pig (Bjerre, Thorup, Jørgensen, Vejlsted, & Fredholm, 2009) , and is presumed to be extremely rare in the mouse (McLaren, Molland, & Signer, 1994) and rabbit (Bomsel-Helmreich & Papiernik-Berkhauer, 1976) . In contrast, the ninebanded armadillo (Dasypus novemcinctus), and possibly other species of the genus Dasypus (Loughry, Superina, McDonough, & Abba, 2015) , consistently produces genetically identical quadruplets through binary fission events, lending itself to the study of the mechanism behind monozygotic twinning which is currently poorly understood (Blickstein & Keith, 2007) . In humans, spontaneous monozygotic twinning occurs at the rate of approximately one in 330 live births (Hall, 2003) .
Monozygotic twinning has not previously been genetically confirmed in the dog. Duke (1946) Conjoined twinning has been reported rarely in the dog (House, Barrand, & Cornillie, 2012; Mainland, 1929; Mazzullo, Monteverde, Macri, Partanna, & Caracappa, 2007; Nottidge, Omobowale, Olopade, Oladiran, & Ajala, 2007; Paquet, El-Warrak, Laguë, & Boerboom, 2011) . Furthermore, the sharing of a single placental site by dizygous dog foetuses has been described rarely (Joonè, De Cramer, & Nöthling, 2015; Urhausen et al., 2013) .
| CASE REPORT
A 4-year-old, multiparous Irish wolfhound bitch was presented to a veterinary facility during second-stage labour. The bitch had had one previous litter of 10 puppies, the last five of which were delivered by emergency caesarean section. At presentation, the owner reported that the bitch had been showing tenesmus for two hours without the expulsion of a foetus. No vulvar discharge was present. Due to the extended period of unproductive tenesmus, a caesarean section was performed.
Upon exposure of the uterus, the surgeon noticed a bulge near the base of one of the uterine horns, approximately the length of a single foetus. Via a longitudinal incision into the body of the uterus, one foetus (twin A) was delivered from this section of uterus. A second foetus (twin B) was immediately noticed within the same chorionic bag.
Without rupturing either pup's umbilical cord, the second pup and the placenta were delivered from the uterus. Both pups' umbilical cords, which were similar in length to the rest of the litter's, attached to the same placenta (Fig. 1) . Five more live, normal puppies were delivered with different placentae.
*These authors contributed equally to this work. 
| RESULTS
Twins A and B were phenotypically normal males. At birth, twins A and B weighed significantly less (t test; p < .001) than their five littermates; however, this difference had lost statistical significance by the age of 6 weeks (p = .32; Table 1 ). Although similar in physical appearance, they showed slight differences in terms of the size and shape of white markings on the chest, lower legs and the tip of the tail (Fig. 2) .
The DNA profile derived from whole blood matched that derived from tissue (buccal swabs) for each twin, A and B. Further, the DNA profiles of twins A and B were identical at all 40 genetic markers. The DNA profiles of the seven littermates are shown in Table 2 . Excluding the comparison between twins A and B, at which no loci were different, the genetic profiles of the littermates differed at a median of 14 loci (range 8-20), excluding amelogenin and SRY.
| DISCUSSION
The current study describes the finding of viable, monochorionic, monozygotic littermates in the dog. In polytocous species such as the dog, all littermates are essentially twins, triplets, quadruplets and so on, depending on the size of the litter. Thus, the term "twin," herein used to refer to the monozygotic "twins" only, should be used with care in these species. The profiles generated from blood and tissue samples for twins A and B were identical; therefore, no distinction is made between blood or tissue samples for these individuals. -indicates a marker that failed to amplify.
F I G U R E 1 Monozygotic twins
placental site during caesarean section, provides strong evidence for monozygosity.
The profiling of DNA derived from buccal swabs, essentially tissue samples, ruled out the possibility of blood chimaerism as an explanation for identical genetic profiles derived from two blood samples. In a previous report of blood chimaerism in two dog foetuses, the finding of more than two alleles at multiple loci on DNA profiles derived from blood samples alerted workers to the possibility of cross-foetus mixing of the blood supplies in utero. Subsequent profiling of tissue samples provided dissimilar genetic profiles, with no more than two alleles present per marker (Joonè et al., 2015) . In the current study, the blood-and tissue-derived profiles for each individual were identical. In addition, no loci in either the blood-or tissue-derived profiles showed more than two alleles.
In human monozygotic twins, examination of the foetal membranes has been suggested to indicate the timing of the twinning event (Hall, 2003) . Due to time constraints involved in the delivery of living puppies, the surgeon was unable to assess whether twins A and B were within a single amnion at delivery-precluding any useful estimation of the timing of embryonic fission in the current study.
Conjoined monozygotic twins are believed to arise from the incomplete splitting of an embryo after formation of the primitive streak has begun. In humans, one in 400 monozygotic twins are reportedly conjoined (Hall, 2003) . According to Gupta, Lall, and Bajpai (2001) , 1%-2% of human conjoined twins are asymmetric (referred to as heteropagus).
Logrono, Garcia-Lithgow, Harris, Kent, and Meisner (1997) found that, in a case of human heteropagus conjoined twinning, the parasite and autosite were dizygous, presumably resulting from the fusion of two conceptuses. Thus, conjoined twins may be monozygotic due to fission, but need not be. Conjoined twinning has been reported rarely in the dog (House et al., 2012; Mainland, 1929; Mazzullo et al., 2007; Nottidge et al., 2007; Paquet et al., 2011) , and no DNA analyses were performed in the described cases. Nevertheless, the small number of cases of conjoined twins in dogs reported in the literature, most of which describe symmetrical conjoined twinning involving a degree of posterior duplication, suggest that monozygotic twinning in the dog is rare or that splitting events giving rise to conjoined monozygotic twins are rare in this species.
The monozygotic puppies described in the current study were viable and vigorous at birth, despite having shared a placental site. This finding contrasts to previous reports of two dog foetuses within one placental site, where death of the foetuses was detected 52 days after ovulation (Urhausen et al., 2013) and at term (Joonè et al., 2015) . Therefore, the sharing of a placental site may not be incompatible with survival to term and beyond, as suggested previously (Joonè et al., 2015) .
Of interest in this case report is the slight differences observed between the monozygotic twins in the white markings on the paws, the tip of the tail and the chest. Similar findings have been described in monozygotic twin horses and cattle (Allen & Pashen, 1984; Ozil, 1983) , as well as in cloned dogs (Hossein et al., 2009 ). Woolf (1995) concluded that stochastic events during development resulted in different white colour markings among the legs of horses in spite of the legs having had the same genotype and having developed in the same environment. We do not know whether such stochastic events caused the phenotypic differences between the twins of the current case. Wong, Gottesman, and Petronis (2005) concluded that variation in phenotype due to epigenetic differences is smaller in monozygotic twins than in isogenic dizygotic twins because monozygotic twins share an oocyte and, thereby, have a larger shared epigenomic background than isogenic dizygotic twins. Wong et al. (2005) , nevertheless, concluded that epigenetic differences between monozygotic twins do occur. It is not known whether epigenetic differences would explain the colour differences between the monozygotic twins in the current case. Given that dog littermates often look strikingly similar, slight phenotypic differences between monozygotic dogs would effectively mask their monozygosity and may have played a role in this phenomenon having gone undetected until now.
For genetic identification and parentage analysis purposes, this study shows that dogs with identical genetic profiles, although likely rare, do exist. Bitches may have more conceptuses in the litter than they have corpora lutea (Andersen & Simpson, 1973; Bysted, Dieleman, Hyttel, & Greve, 2001) . One cause for this may be multiovular follicles (Reynaud, Viaris de Lesegno, Chebrout, Thoumire, & Chastant-Maillard, 2009; Telfer & Gosden, 1987 ) from which more than one oocyte may be fertilized. The current case confirms that monozygotic twins is another possible reason for finding more conceptuses than corpora lutea in bitches.
| CONCLUSION
This report describes the finding of monozygotic twinning in the dog, confirmed by DNA profiling. To the best of our knowledge, this is the first report of confirmed monozygotic twinning in the dog.
